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Abstract
We present a method for the isolation and off-line isotope analysis of formate and acetate in marine samples.
Organic acids are separated by high performance liquid chromatography and collected in glass Exetainer® screwcapped vials that have been prespiked with an oxidant and flushed with helium. The vials are subsequently heated to convert the organic compounds to CO2 for radiocarbon and d13C analysis. Small aliquots are sampled for
measurement of d13C by isotope ratio mass spectrometry, whereas the majority of the CO2 is saved for radiocarbon analysis by accelerator mass spectrometry using a gas ion source. Accurate d13C and radiocarbon values were
obtained for formate and acetate standards spiked into deep seawater and saline Milli-Q water at concentrations
of 25 to 1000 µM C. The process blank associated with the isolation of formate for radiocarbon analysis was ~1.5
µg C and stable over time. Accurate results could be obtained for marine samples with only 25 µM formate. The
radiocarbon analysis of acetate showed significantly higher and more variable extraneous carbon contributions,
particularly for samples spiked into seawater. Potential improvements that may make the method appropriate for
the radiocarbon analysis of acetate in seawater are discussed. The blanks associated with the wet chemical oxidation were assessed independently and found to be small and consistent (<0.3 µg C), potentially making this
approach feasible for a broader set of compounds separated by HPLC for radiocarbon analysis.

man 2006; Wellsbury et al. 1997). In marine environments, the
oxidation of acetate is responsible for a major portion of sulfate
reduction (Sørensen et al. 1981). Furthermore, in formation
waters of most oil fields where acetate is present in concentrations as high as ~90 mM, the acidic nature of these compounds
can increase secondary porosity of petroleum reservoirs (Surdam et al. 1984; Pittman and Lewan 1994). In non-marine
environments, formate and acetate increase the acidity of rainwater, accounting for up to 63% of the total acidity to precipitation in remote areas of the world (Keene et al. 1983).
Multiple sources contribute to the high concentrations of
organic acids in anoxic subsurface environments. Acetate in
particular is a primary degradation product during anaerobic
microbial fermentation of complex organic molecules,
although smaller amounts of formate can also be produced
(e.g., Barker 1981; Chidthaisong et al. 1999; Krylova et al.
1997; Lovley and Klug 1983; Penning and Conrad 2006). The
thermocatalytic heating of sediments and kerogens also
results in high concentrations of organic acids, dominated by
acetate (Cooles et al. 1987; Carothers and Kharaka 1987; Surdam et al. 1984; Barth et al. 1989; Kawamura et al. 1986; Eglinton et al. 1987; Fisher et al. 1987; Martens 1990; Seewald et al.
1990; Parkes et al. 2011). Formate and acetate can also be
formed as microbial metabolites. Acetogenic bacteria have

Formate and acetate are important intermediaries in the
early diagenesis of organic matter and as substrates for microbial communities. Both compounds occur in high concentrations in a wide range of environments including oil fields, sedimentary pore fluids, groundwaters, hot springs, peat bogs, and
fluid inclusions of metamorphic and felsic igneous rocks
(McMahon and Chapelle 1991; Pittman and Lewan 1994; Zeng
and Liu 2000; Amend and Shock 2001; Burdige 2002). These
constituents are important substrates for heterotrophic
microorganisms living in subsurface environments, as they are
present in elevated concentrations in pore waters, with acetate
concentrations reaching above 1500 µM (Albert et al. 1995;
Albert and Martens 1997; Blair and Carter 1992; Chapelle and
Bradley 1996; Heuer et al. 2009), and are a readily metabolizable source of carbon (Rabus et al. 2006; Hedderich and Whit-
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sible. Formate and acetate can be concentrated by freeze-drying,
but only after increasing the pH to > 9 (Blair et al. 1987; GelwicksC and Hayes 1990; Heuer et al. 2006), which would cause
atmospheric CO2 to be sorbed into the solution.
With these constraints in mind, we recently developed a
method capable of converting dissolved organic carbon in a
sample to CO2 for d13C analysis using wet chemical oxidation
(Lang et al. 2012). The oxidation has low blanks and low
detection limits, making it amenable to isotopic analysis of
compounds isolated by HPLC. When the mobile phase contains no carbon, fractions can be collected directly into glass
Exetainer® screw-capped vials that have been prespiked with
oxidant and flushed with helium. In the current article, we
demonstrate the utility of this oxidation method for D14C
analysis with different amounts of a radiocarbon-dead compound, phthalic acid, and modern oxalic acid (HOxII).
This oxidation approach was then used to convert formate
and acetate isolated from standards spiked into saline Milli-Q
water and seawater into CO2 for d13C and D14C analysis. As with
any method designed to determine the isotopic composition of
small amounts of carbon, the minimization and accurate
accounting of any extraneous carbon is essential (Pearson et al.
1998; Shah and Pearson 2007; Santos et al. 2007; Mollenhauer
and Rethemeyer 2009; Ziolkowski and Druffel 2009). One benefit of the current method is that samples, standards, and
blanks can be rapidly and inexpensively analyzed for CO2 concentration and 13C content. Therefore the method was optimized and extensive blank testing was performed primarily
using stable-carbon analysis. A smaller subset of the isolated
standards was then further tested for D14C content to demonstrate the utility of the method for radiocarbon analysis.

been shown to grow using molecular hydrogen and carbon
dioxide as sole substrates, producing both acetate and formate
as byproducts in concentrations of 2–300 µM (e.g., Chapelle
and Bradley 1996). In certain marine hydrothermal systems
where water interacts with ultramafic rocks at moderate temperatures, the abiogenic formation of organic acids from inorganic precursors can be thermodynamically favored (Shock
1992; Shock and Schulte 1998). In particular, at the ultramafic-hosted Lost City hydrothermal field (Mid-Atlantic
Ridge, 30°N), elevated concentrations of formate in the fluids
(36–158 µM) have been attributed to abiogenic formation in
the subsurface, whereas lower concentrations of acetate (1–35
µM) are thought to result from the biological or thermal
degradation of complex organic matter (Lang et al. 2010).
Because compound specific stable- and radiocarbon isotope
analysis has helped to delineate the formation pathways of multiple organic molecules in oceanic environments, our goal was
to develop a method to make these measurements on organic
acids in marine samples. Several methods exist to determine the
d13C of acetate in low concentrations (e.g., Blair et al. 1987; Gelwicks et al. 1994; Dias and Freeman 1997; Franks et al. 2001;
Marschner et al. 2005; Heuer et al. 2006; Tagami and Uchida
2008), but those capable of obtaining similar data on formate
are more limited and either require higher concentrations than
are typically present in the environment (Heuer et al. 2006;
Tagami and Uchida 2008), or have not been demonstrated for
saline applications (Glasius et al. 2001; Marschner et al. 2005;
Fisseha et al. 2006). Furthermore, stable isotope data alone often
cannot delineate the source or fate of organic acids in natural
systems because C-isotope fractionations can vary widely
depending on environmental conditions and distinct processes
could result in similar d13C values. In these cases, radiocarbon
analysis may be particularly valuable for source apportionment.
Additionally, radiocarbon has a greater sensitivity and dynamic
range than d13C analysis. Formate and acetate have been isolated from atmospheric samples by vacuum distillation and subsequent oxidation to CO2 for radiocarbon analysis (Glasius et
al., 2001) but, to the best of our knowledge, no method exists
to determine the natural abundance radiocarbon content of formate or acetate in saline samples.
Our approach was to isolate formate and acetate from seawater by high performance liquid chromatography (HPLC) and
then to convert these isolated fractions to CO2 for off-line
analysis of d13C and D14C. The oxidation step was a particular
challenge as these compounds are semi-volatile. The traditional
approach used for the D14C analysis of nonvolatile organic compounds generally involves isolating fractions and transferring
them to quartz tubes. The solvent phase is removed under N2,
and the quartz tube is sealed and combusted at high temperature (950°C) to convert the organic compounds to CO2. This
approach was not feasible for formate and acetate as a significant portion of the organic acids would be volatilized and lost
to the atmosphere during drying under N2. Freeze-drying the
isolated fractions to remove the aqueous phase is also not pos-

Materials and procedures
Organic acids were isolated from aqueous samples by HPLC
then oxidized to CO2 for offline stable- and radiocarbon analysis. The optimization and testing of the oxidation method for
dissolved organic carbon d13C analysis is described in detail by
Lang et al. (2012), and adaptations for radiocarbon analysis
are reported here. The general method consists of the following steps, each of which is described in more detail below:
(1) Apolar material is removed from 5-15 mL samples by
passing them over a C18 SPE cartridge; (2) Sample pH is
adjusted to > 9 with NaOH and concentrated by freeze-drying;
(3) Organic acids are separated by HPLC; (4) Fractions are collected in sealed 12 mL Exetainer® screw-capped vials that had
been previously spiked with a chemical oxidant and purged
with helium; (5) oxidation of the organic acids to CO2 is
achieved by heating the samples to 90°C for 15 min; (6) the
d13C value of the CO2 is determined by injection into a gas
chromatograph coupled to an isotope ratio mass spectrometer; and (7) the D14C value of the remaining CO2 is determined
by accelerator mass spectrometry (AMS) using a miniaturized
radiocarbon dating system (MICADAS) fitted with a gas source
(Ruff et al. 2007).
162

Lang et al.

CSIA of organic acids in seawater

Isolation and oxidation method
To validate the method, sodium formate and sodium acetate
(both Sigma-Aldrich, ACS grade, ≥ 99% purity) were spiked into
either saline Milli-Q water (35 psu) or natural seawater that had
been collected by CTD at 750 m water depth in the Atlantic
Ocean (30°N, 42°W) and stored frozen. The ambient concentrations of formate and acetate in the seawater sample was < 2
µM. Aliquots of 10-15 mL were transferred to precombusted
glass vials and the volume was recorded. To remove any apolar
material that would contaminate the C18 HPLC column, the
sample aliquots were acidified to pH < 3 with 85% ortho-phosphoric acid (Merck Chemicals, EMSURE® ACS grade) and
applied to a C18 SPE cartridge (Supelco Discovery DSC-18, 500
mg). The cartridges were preconditioned by passing 3 mL
MeOH over the bed, followed by 100 mL Milli-Q water acidified to pH 3 with H3PO4. After applying the sample, the cartridges were then washed with 3 mL acidified Milli-Q water.
The aliquots and final washes were collected in precombusted
conical flasks (50 mL). This solution was basified to pH > 10
with 50% NaOH solution, rapidly frozen at –80°C, and freezedried overnight. Samples were reconstituted in Milli-Q water,
acidified to pH < 3 with ortho-phosphoric acid, and transferred
into 2 mL HPLC sample vials. The final volume was recorded
and used for calculations of concentration factors.
Organic acids were separated on a Surveyor HPLC system
consisting of a P1000 Pump and a PDA Plus 5 Diode Array
Detector with a 50 mm cell path (Fig. 1; ThermoFisher Scientific). Peaks were detected at 220 nm. An autosampler (LC PAL
System, CTC Analytics) was equipped with a 1 mL syringe and
a 500 µL sample loop. Separation was achieved on a Prevail®

Organic Acid C18 column (4.6 ¥ 250 mm, 5 µm, Grace Davison Discovery Sciences) at room temperature, without a precolumn (Fig. 2). The mobile phase was 100 mM phosphate
buffer, adjusted to pH = 2.5 with ortho-phosphoric acid at a
flow rate of 0.8 mL/min. During initial tests, the mobile phase
was passed through a degasser, but this was found to contribute to higher blank values. Thereafter, the degasser was
bypassed and the mobile phase was purged with helium for 30
min, capped, and maintained under a helium-overpressured
atmosphere. Sample injections of 300 µL were followed by 300
µL injections of a saline blank to help remove any build-up of
carbon (3.6 mol/L NaCl).
Organic acids were then converted to CO2 using a chemical
oxidant in gastight vials that had been prepurged with
helium. Specifically, 12 mL Exetainer® screw-capped vials were
spiked with 200 µL supersaturated potassium persulfate oxidizing solution (100 mL H2O + 4.0 g K2S2O8 + 100 µL H3PO4)
sealed with a standard cap consisting of a single-hole screw
top and butyl rubber septum (Labco). The vials were purged
with high purity helium (Grade 5.0, 99.999% He) for 8 min at
a flow rate of 125 mL/min. For fraction collection, the HPLC
output was connected by a PEEK union to a needle. Isolates
were collected by piercing the vial caps at the appropriate
time. The timing of the peak collection was determined using
standards. As samples were collected, vials became overpressurized; to release this pressure, the septum was pierced with a
second needle for the output gas stream. The outlet of the second needle was connected to a copper tube whose open end
was submerged in water to prevent any backflow of atmospheric CO2 into the sample. Previous tests demonstrated that

Fig. 1. Schematic of the method to isolate formate and acetate from seawater samples and oxidize them to CO2 for isotope (13C, 14C) analysis.
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Fig. 2. Chromatograms demonstrating the separation of organic acids detected at 220 nm. (A) Artificial seawater spiked with formate, lactate, acetate,
and propionate; 0.4 µmol C on column. (B) Deep seawater spiked with 50 µM C of formate and acetate and concentrated 5¥ by lyophilization. After
concentration, formate is incompletely separated from the initial salt peak.

Stable carbon isotope measurements
The d13C of the resulting CO2 was determined by withdrawing 100 µL of the headspace gas in a calibrated gastight syringe
(Hamilton) and injecting it into a gas chromatograph (Agilent

oxidation of the organic acids does not occur at room temperature, and so sample CO2 was not lost with the headspace
(Lang et al. 2012). To convert the formate and acetate to CO2,
the vials were heated at 90°C for 30 min.
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6890) with a split/splitless inlet coupled to a ConFlo IV interface and a Delta V Plus mass spectrometer (both ThermoFisher
Scientific). The GC was equipped with a CP Poraplot Q column
(27.5 m ¥ 0.32 mm, 10 µm, Varian) maintained at 100°C to
separate CO2 from any interfering gasses. The flow rate was 2.0
mL/min, and the inlet split ratio was 0.1. The system was calibrated with a CO2 tank of known composition that was
injected in a similar fashion as the samples. Values are reported
as the 13C/12C ratios expressed as per mil deviations from the
international standard Vienna Peedee belemnite (VPDB):
d13Csample = (Rs/Rst – 1) ¥ 1000

cle Physics of the ETH Zürich using the gas ion source of the
200 kV MICADAS (Mini Carbon Dating System) system (Synal
et al. 2007; Ruff et al. 2007, 2010). In this system, the sample
CO2 is transferred into a 2.3 mL gas-tight syringe and diluted
with He. This He-CO2 gas mixture is then pressed continuously onto a Ti target in the ion source, where Cs+ ions hit the
surface and produce C– ions (Fahrni et al. 2013). The system is
capable of radiocarbon measurements of samples as small as 3
µg C (Ruff et al. 2010).
To transfer the sample CO2 from the Exetainer® vials to the
gas-tight syringe, an overpressure of helium is introduced into
the vial by piercing the septum with a hubless needle (Hamilton, 22 gauge, 120 mm) connected via PEEK tubing to a helium
tank with a gas regulator (Fig. 3). The length of the needle is
sufficient to reach the bottom of the vial so that helium can be
bubbled through the sample and strip the liquid of CO2. The
septum is also pierced with a second, shorter needle connected
to PEEK tubing to carry the output gas over a magnesium perchlorate water trap and to a 4-port valve connected to a zeolite
trap. The CO2 is trapped on an X13 zeolite molecular sieve
(sodium aluminosilicate) trap at room temperature. Once the
sample is loaded onto the zeolite trap, the remaining helium is
pumped away. The trap is then connected to a 2.3 mL gas-tight
sample syringe by switching the 4 port valve and heating it to
450°C to drive the CO2 off the trap and into the syringe. The
amount of CO2 is determined from a gas pressure reading so
that the appropriate amount of helium can be added as a dilutant to get 5% v/v CO2 in helium. The syringe plunger is then
depressed at a constant rate using a stepping motor to intro-

(1)

where Rs is the ratio of 13C/12C in the sample and Rst is the ratio
of the VPDB standard.
Each sample was injected at least twice, and the standard
deviations of replicate injections were typically < 0.4‰. The
d13C values were corrected for fractionation between headspace and dissolved CO2 and for the contribution of extraneous carbon (Lang et al. 2012). Standard deviations were calculated by propagating the errors of the isotopic measurement,
the measured peak areas, and the blank contribution (Hayes
1993). The amount of CO2 present in the vials was determined
by comparison to a standard curve made with a dilution series
of phthalic acid standards that were oxidized in a similar way.
The typical error for carbon content was < 10%.
Radiocarbon isotope measurements
The D14C content of the evolved CO2 was determined by
Accelerator Mass Spectrometry (AMS) at the Institute of Parti-

Fig. 3. Layout of the connections to transfer CO2 from the sample vial onto the zeolite trap and then to the existing gas ion source interface (Ruff et
al. 2007).
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duce the CO2–He mixture into the gas source AMS for measurement over a 1 m glass capillary with ID 60 µm. Optimization of the zeolite trap, including comparisons with alternative
trapping approaches and its application for an elemental-analyzer inlet, can be found in Ruff et al. (2010).
The raw 14C data were corrected for instrumental background, standard normalization, and evaluation of uncertainty using the software program BATS (Wacker et al. 2010).
Results are reported as fraction modern (F14C) after Reimer et
al. (2004). Correction for contamination introduced during
the isolation and oxidation procedures (the processing blank)
was performed separately. Identifying and minimizing this
extraneous carbon is detailed in the sections below.

the oxidizing solution. The resulting CO2 concentration was
below detection limit (<0.01 µg C per mL of mobile phase),
indicating that the source of the extraneous carbon was
organic. For this reason, the degasser was bypassed all together
and, instead, the mobile phase was purged with helium and
kept positively pressured under a helium atmosphere.
To minimize the carbon contribution from the pump, it
was disassembled, cleaned thoroughly with MeOH, dried, and
re-assembled. This process resulted in only minimal impact on
extraneous carbon contributions. At the suggestion of the
manufacturer, the graphite impregnated Teflon pump seals,
which in ThermoFisher systems are more appropriate for
organic mobile phases, were replaced with polyethylene pump
seals, which are most appropriate for water-based mobile
phases. It should be noted that this recommendation may not
be true for instruments from other manufacturers. Subsequent
to the replacement of the pump seals, the carbon content of
the mobile phase at the HPLC output decreased significantly.
This final HPLC output was collected and oxidized daily as a
continual monitor of blank contributions and regularly contained < 0.04 µg C per mL of mobile phase. These monitor
tests were performed at different times throughout the processing of samples and blanks. The blanks did not increase
after samples were injected, indicating that there was no carbon released from the degradation of the HPLC column stationary phase or from the build-up of contaminants in the
samples themselves.
SPE cartridges
To remove any apolar material that would contaminate the
C18 HPLC column, the samples were passed over a preconditioned C18 SPE cartridge (Supelco Discovery DSC-18, 500 mg).
These cartridges have the potential to introduce contaminants
and to alter the d13C values of the compounds of interest (Macko
et al. 1987), thus we analyzed both blanks and standards.
To test for extraneous carbon added by the SPE cartridges,
acidified Milli-Q water was passed over a preconditioned cartridge and collected for direct measurement of organic carbon
concentrations. The resulting concentrations were relatively
high and variable, ranging between 0.4–3.0 µg C per mL (average 1.8 ± 1.3 µg C per mL, n = 4). This was the case even after
large volumes of water (>75 mL) had passed over the cartridge,
eliminating traces of the MeOH that is used for preconditioning. The extraneous carbon from the SPE cartridges is only of
concern if a portion of it elutes from the HPLC column during
the time window of the formate and acetate peaks. Milli-Q
water that had been passed over the SPE cartridges and fraction-collected for multiple injections had carbon contents
that were < 0.04 µg carbon per mL of mobile phase for formate
and between < 0.04-0.14 µg per mL of mobile phase for
acetate. Other researchers have eliminated apolar material by
extracting liquid samples with an equal volume of
dichloromethane three times (Dias et al. 2002b). While we
have not tested this approach here, it may result in lower
blanks than the SPE cartridges.

Assessment
HPLC separation and fraction collection
The primary objectives in choosing the chromatographic
conditions were to have a carbon-free mobile phase and to
separate formate and acetate from other carbon-containing
compounds. The Prevail® Organic Acid column uses a modified C18 phase to achieve better separation of organic acids
than on a typical C18 column and can operate with a 100%
aqueous phase. Saline Milli-Q water spiked with sodium formate, sodium acetate, sodium lactate, sodium propionate, and
sodium bicarbonate was used to determine whether the separation was sufficient and to identify retention times (Fig. 2A).
Appropriate separation could be achieved using a 100 mM
sodium phosphate buffer adjusted to pH = 2.5 at a flow rate of
0.8 mL/min. Seawater samples that were pH adjusted and concentrated before injection had, at times, an initial salt peak
that interfered with the formic acid peak and required further
dilution to obtain sufficient separation. Due to this interference, seawater samples could be preconcentrated by, at most,
a factor of 7. With the current status of the method, this limits marine samples to organic acid concentrations of ~25 µM
C or above. Freshwater samples that can be concentrated further will have a lower possible detection limit.
Blank minimization
Initially, the carbon content of the mobile phase at the output of the HPLC system was relatively high (>1 µg C per mL of
mobile phase). The carbon content of the mobile phase
directly from the media bottle was low (<0.04 µg C per mL of
mobile phase), indicating that the extraneous carbon was
introduced by the HPLC itself. The mobile phase was tested at
different stages along the HPLC pathway, specifically after it
had passed through the degasser, the pump, the Valco valve,
the column, and the detector. The largest increases in mobile
phase carbon content occurred after passing through the
degasser and after passing through the pump. The extraneous
carbon contributed from the degasser could be in the form of
organic carbon or, since the mobile phase passes through a
gas-permeable membrane, atmospheric CO2. To distinguish
these sources, the mobile phase was collected after the
degasser in pre-flushed Exetainer® vials that did not contain
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complete process at low concentrations in seawater. In all
cases, powdered sodium formate and sodium acetate were dissolved into both saline Milli-Q water and seawater. The isotopic compositions of the powders were determined by EAIRMS to be –28.6 ± 0.3‰ for sodium formate and –42.2 ±
0.3‰ for sodium acetate.
The initial tests were designed to examine the HPLC separation, which included determining the correct fraction collection timing and verify that correct isotopic compositions
were obtained. Because these first tests were performed without preconcentration, the carbon content of the standards
were relatively high (55–1000 µM C) to ensure enough carbon
could be isolated. The fractions corresponding to the formate
and acetate peaks from multiple injections were collected and
are presented in Table 1 and Fig. 4. The isotopic composition
of all collected formate fractions (–29.4 to –28.2‰) were
within 0.5‰ of the powdered standard. The isotopic composition of sodium acetate was somewhat more variable. For
concentrations ranging between 55 and 750 µM carbon, the
isotopic composition of the collected acetate fractions (–42.7
to –41.4‰) were within 0.8‰ of the powdered standard. The
highest concentration acetate standard (1000 µM C) had a
d13C that differed by 1.9‰. It is possible that incomplete oxidation of the larger amount of carbon or incomplete collection of the peak (Hare et al. 1991) resulted in isotopic fractionation.
To determine the suitability of the SPE cartridges used to
remove apolar material, mixed standards containing 500 µM
carbon as formate and acetate were passed over pre-condition
SPE cartridges and transferred to autosampler vials with no
further manipulation. The isotopic compositions of formate
(–28.4 and –29.0‰) and acetate (–41.5 and –42.6‰) were
similar to samples that had not been passed over the cartridges.
Because concentrations of organic acids in natural samples
are frequently low (<1 mM), it is often beneficial to concentrate the samples before they are injected. Other studies have
shown that it is possible to concentrate samples for organic
acids with low contributions of extraneous carbon and high
recoveries by first basifying them to pH > 11 then removing
the water by lyophilization (Blair et al. 1987; Gelwicks and
Hayes 1990; Heuer et al. 2006). To test this concentration step,
a mixed standard (25 µM carbon as formate and acetate) was
prepared in saline Milli-Q water. The standard was passed over
an SPE cartridge, basified, freeze-dried, and reconstituted in
Milli-Q water, and re-acidified before injection. To test for the
appropriateness of the method in seawater samples, which
contain other types of organic compounds, as well as other
types of salts and ions, mixed standards of varying concentrations (25-100 µM carbon as formate and acetate) were also
spiked into the seawater sample.
The d13C value of formate in the 25 µM C standard in
saline Milli-Q water was somewhat enriched in 13C, by 0.92.0‰, compared with the powdered standard, but all the

Accounting for the extraneous carbon contribution to stable isotope values
The contribution of the procedural blank to the d13C values
of the isolated organic acids can be determined by mass balance represented by the following equation:
d13CT•AT = d13CS•AS + d13C

•AEX

EX

(2)

where d13C represents the isotopic composition, and A represents the area of the sample CO2 peak of the total measurement (subscript T), the sample (S), and the extraneous carbon (EX). If the characteristics of the extraneous carbon are
known accurately, and given that AS = AT – AEX, the isotopic
composition of the sample can be calculated by rearranging
the above equation:
d13Cs = (d13CT•AT – d13CEX•AEX)/(AT – AEX)

(3)

To determine the procedural blank of the full method,
saline Milli-Q water was made using precombusted NaCl (4 h
at 500°C; 26.5 g/L) to mimic the primary salt content of seawater. Other primary seawater ions, such as sulfate and magnesium, were not added because their salts cannot be combusted at 500°C to remove organics. In total, four processing
blanks were analyzed in a way identical to the standards.
Aliquots (15 mL) were passed over SPE cartridges, freeze-dried,
reconstituted in Milli-Q water, and the fractions corresponding to the formate and acetate time windows were collected
for multiple injections. These blanks were prepared and
processed throughout the experiments, interspersed with the
standards and samples.
The CO2 peak areas of the four formate processing blanks
averaged 0.48 ± 0.07 V·s. For comparison, a similar volume of
oxidized Milli-Q water has a peak area of 0.53 ± 0.09 V·s (n =
5), and a similar volume of oxidized HPLC mobile phase has a
peak area of 0.57 ± 0.07 V·sec (n = 9). These peak areas are statistically indistinguishable and correspond to ≤ 0.2 µg C. The
peak areas of the four acetate processing blanks were slightly
higher and more variable, averaging 0.72 ± 0.13 V·s. They correspond to an input of extraneous carbon varying from ≤
0.2–0.7 µg C.
The d13C signature of the extraneous carbon was determined by comparing the measured values of standards
processed through the entire method with the known values
of the powdered standards. This approach was required as the
peak areas of the blank injections were too small to obtain
accurate d13C values. The isotopic signature of the formate processing blank was –36.1 ± 0.5‰ whereas that of the acetate
processing blank was –29.9 ± 0.5‰. In the following sections,
the contribution of this extraneous carbon was subtracted
from the measured values of the standards.
Stable isotope analysis of standards
A series of standards were analyzed to test the HPLC isolation, the SPE cartridges, the freeze-drying method, and the
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Table 1. Standards analyzed for fomate and acetate d13C composition.
Formate*
d C
C in vial
(‰)
stdev
(µg C)

Acetate*
d C
C in vial
(‰)
stdev
(µg C)

n/a
n/a
n/a
n/a
n/a
n/a

–28.5
–28.4
–29.1
–28.5
–28.2
–28.4

1.4
0.5
0.6
0.5
0.4
0.4

0.9
4.6
3.1
7.6
13.1
18.5

–42.1
–41.8
–41.4
–42.7
–42.3
–44.1

1.4
0.4
0.4
0.4
0.4
0.4

0.9
6.6
4.7
6.6
12.5
15.9

n/a
n/a
7.3
6.4
4.3
4.3
4.3
4.3
4.3
5
5.5
5
3.9
6.2
6.9

–28.4
–29.0
–26.6
–27.7
–28.6
–29.4
–28.2
–28.0
–28.2
–29.2
–29.2

0.4
0.4
1.0
0.9
0.4
0.4
0.4
0.4
0.4
0.5
0.4

8.9
8.3
1.8
2.8
10.4
7.1
8.0
6.8
7.9
2.5
3.1
≤0.2
≤0.2
≤0.2
≤0.2

–42.6
–41.5
–42.6
–42.8
–43.3
–38.0
–40.8
–40.0
–42.8
–39.8
–40.0

0.4
0.4
0.9
0.9
0.4
0.4
0.4
0.4
0.4
0.8
0.7

6.1
8.8
2.8
3.4
8.0
5.5
10.2
7.4
10.2
3.7
4.8
0.3
≤0.2
≤0.2
0.7

13

Sample
Samples not through SPE
55 µM standard in saline MQ
352 µM standard in saline MQ
203 µM standard in saline MQ
500 µM standard in saline MQ
750 µM standard in saline MQ
1000 µM standard in saline MQ
Samples through SPE
500 µM standard in saline MQ
500 µM standard in saline MQ
25 µM standard in saline MQ
25 µM standard in saline MQ
100 µM standard in deep seawater
100 µM standard in deep seawater
100 µM standard in deep seawater
50 µM standard in deep seawater
50 µM standard in deep seawater
25 µM standard in deep seawater
25 µM standard in deep seawater
MQ Blank
MQ Blank
MQ Blank
MQ Blank

Concentration factor

13

* 13

d C value of powdered standards determined by EA-IRMS: sodium formate = –28.6 ‰, sodium acetate = –42.2 ‰.

separation of the acetate and bicarbonate peaks could also
account for the discrepancies in d13C values. Finally, because
the seawater standards were spiked into the same deep seawater sample, it is possible that there were traces of acetate present in the sample itself.
Test of oxidation and gas introduction method for radiocarbon analysis
Radiocarbon analysis is highly sensitive to contributions
from extraneous carbon, which is often too small to be analyzed directly (Pearson et al. 1998; Shah and Pearson 2007;
Santos et al. 2007; Mollenhauer and Rethemeyer 2009;
Ziolkowski and Druffel 2009). Analogous to the corrections to
d13C values above, the total measured F14C value is a mixture
of the sample and blank contributions:

standards spiked into seawater had isotopic compositions of
formate that were similar to the powdered standard (Table 2).
Samples in saline Milli-Q water required less NaOH to alter
the pH to basic conditions. During freeze-drying, organic
acids sorb to this basic salt. Therefore, one possibility for the
enriched values in saline Milli-Q water is that there was
incomplete sorption onto the salt by the formic acid, leading
to fractionation.
Accurate carbon isotope compositions (–42.7 ± 0.2‰, n =
2; Table 2) were obtained for the 25 µM acetate standard prepared in saline Milli-Q water. In contrast, the isotopic compositions of acetate standards spiked into deep seawater were
more variable, and on average, enriched in 13C by ~1.5 ‰. The
d13C signature of acetate can be influenced by the isotopic
exchange between the carboxyl carbon and the DIC pool (e.g.,
Dias et al. 2002a), but this reaction is too slow at room temperatures to account for the observed enrichments in the
spiked seawater standards (Felipe et al. 2005). The contribution of extraneous carbon for acetate isolation was higher and
more variable than that for formate isolation (Table 2) and
likely contributes to the observed variability, especially since
there is a large difference between the d13C values of this extraneous carbon and the sodium acetate standard. Incomplete

FT•CT = FS•CS + FEX•CEX

(4)

where F is the F14C fraction modern radiocarbon content
(see “Methods and procedures” section), and C is the amount
of carbon of the total measurement (subscript T), the sample
(subscript S), and the extraneous carbon (subscript EX). Rearranging this equation to solve for the amount of extraneous
carbon, and given that CT = CS + CEX:
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and gas transfer procedures: modern NIST Oxalic Acid II
(HOxII, consensus value of F14C = 1.3407; Stuiver 1983) and
14
C-free phthalic acid (Sigma Aldrich, P/N 80010-100G, lot
1431342V). The 14C content of the powdered phthalic acid
standard was determined by conventional AMS methods to be
F14C = < 0.0025 (ETH42443). These standards were dissolved in
Mill-Q water, spiked into 200 µL of the oxidant for approximate final carbon contents of 30, 10, and 5 µg C. The vials
were flushed with helium for 5 min at a flow rate of 100
mL/min then held at room temperature for 10-60 min to
allow any remaining CO2 dissolved in the liquid to degas. The
vials were then flushed again for 5 min at the same flow rate.
The helium overpressure in the vial was released by piercing
the septum with a needle connected to gas impermeable tubing (Lang et al. 2012). The vials were then heated to 90°C for
1 h to convert the organic matter into CO2 for AMS analysis.
The contribution of the modern extraneous carbon
(defined here as F14C = 1) to the phthalic acid standards varied
from 0.16–0.31 µg C (average 0.22 ± 0.06 µg C, n = 6; Table 2).
The contribution of the radiocarbon dead extraneous carbon
(defined here as F14C = 0) varied from 0.0–0.16 µg C (average
0.10 ± 0.07 µg C, n = 6, Table 2). The propagation of the errors
associated with the calculated blanks was determined by the
Monte Carlo method (Schwartz 1975). An independent analysis of the blank associated with this oxidation method for the
d13C analysis of small amounts of organic carbon gave similar
results of approximately 0.2 µg C (Lang et al. 2012).
Although this treatment of the extraneous carbon is mathematically convenient, in reality the contaminant is not, presumably, two pools with distinctly different F14C contents.
Instead, the extraneous carbon is more likely to be a single
pool with a mixed F14C signature. This mixed F14C signature
(Fmixed) can be calculated as a mixture of the ‘modern¢ (Fmodern,
Cmodern) and ‘dead’ (Fdead, Cdead) extraneous carbon:
Fmixed = (Fmodern•Cmodern + Fdead•Cdead)/(Cmodern + Cdead)

(6)

Fig. 4. d13C analysis of (A) formate and (B) acetate spiked into saline MQ
(䊉) and deep seawater (䊊). Data have been corrected for contributions
of extraneous carbon, and the total propagated error for each standard is
represented by gray bars.

CEX = (FT•CT – FS•CT)/(FEX – FS)

In this treatment, Fmodern and Fdead are set equal to 1 and 0,
respectively. The values for Cmodern and Cdead are equal to the
averages calculated above, 0.22 ± 0.06 µg C and 0.10 ± 0.07 µg
C, respectively. From this calculation, the F14C value of the
extraneous carbon is 0.69 ± 0.19.
The extraneous carbon contribution from the wet oxidation approach can be compared with that of other oxidation
procedures. When samples are introduced to the same gas-ion
source using the more typical high temperature quartz tube
combustion technique, the associated extraneous carbon is
approximately 0.055 µg C at a F14C of 0.50 (Ruff 2008). When
an elemental analyzer is instead used as a combustion unit
connected to the same inlet, the extraneous carbon contributions were determined to be 0.34 ± 0.13 µg C at a F14C of 0.65
(Ruff et al. 2010). If samples are instead graphitized for analysis on the same AMS, the extraneous carbon contributions are
in the range of 0.75 µg C assuming a radiocarbon content of

(5)

One approach to constraining the amount of extraneous
carbon is to analyze decreasing amounts of standards with
modern and ‘dead’ F14C values. With this approach, the contributions from the extraneous carbon that is modern (F14C =
1) can then be quantified from the measured isotope ratios of
the 14C-free standard while the contributions from the extraneous carbon that is radiocarbon dead (F14C = 0) can be quantified from the modern standard (e.g., Santos et al. 2007;
Ziolkowski and Druffel 2009).
Two standards of known 14C content were used to determine the contribution of extraneous carbon to the oxidation
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Table 2. Standards to assess oxidation procedure for radiocarbon analysis.
Measured
Standard (CT)
(µg C)*

Sample ID
HOxII
HOxII
HOxII
HOxII
HOxII
HOxII

external
external
external
external
external
external

Phthalic
Phthalic
Phthalic
Phthalic
Phthalic
Phthalic

acid
acid
acid
acid
acid
acid

standard
standard
standard
standard
standard
standard

external
external
external
external
external
external

standard
standard
standard
standard
standard
standard

F14CT
(BATS corr.)†

(± 1s)‡

Calculated
extraneous carbon
contribution (CEX)
(µg C)
(± 1s)

28.9
29.4
9.3
9.9
5.9
5.7

1.3333
1.3344
1.3278
1.3410
1.3047
1.3303

0.013
0.012
0.024
0.024
0.053
0.048

Radiocarbon Dead Extraneous Carbon (F14C = 0)
0.16
0.22
0.14
0.22
0.09
0.07
0.00
0.07
0.16
0.05
0.04
0.04

28.8
28.3
10.6
10.7
6.2
6.4

0.0108
0.0135
0.0249
0.0191
0.0273
0.0344

0.001
0.001
0.004
0.003
0.006
0.008

Modern Extraneous Carbon (F14C = 1)
0.24
0.02
0.31
0.02
0.24
0.02
0.18
0.01
0.16
0.02
0.21
0.02

*

1s error of 0.5 µg C
Corrected for AMS instrument blank using calibrated gasses
‡
Error includes only counting statistics and corrections for AMS instrument.
†

0.65 F14C (Ruff 2008). On a different AMS system, the extraneous carbon associated with the high temperature combustion and graphitization of small amounts of organic matter (525 µg C) was determined to be 1.0 ± 0.2 µg C (Shah and
Pearson 2007).
External standards to assess the oxidation and transfer
processes were again measured at a later date, simultaneously
with the samples and full method process blanks. To better
mimic the actual samples, the standards were spiked into 5 mL
Milli-Q water in addition to the 200 µL of oxidant. At this later
time, the blanks were slightly higher. The modern extraneous
carbon, assessed with phthalic acid standards, averaged 0.41 ±
0.14 µg C (n = 6). The radiocarbon dead extraneous carbon,
assessed with the oxalic acid standard, averaged 0.30 ± 0.07 µg
C (n = 3). This increase extraneous carbon contribution was
likely due to the additional Milli-Q water, which cannot be
made to be completely free of organic carbon.
Stability of samples after oxidation
The stability of samples after oxidation was tested explicitly
for d13C analysis by oxidizing multiple phthalic acid aliquots
of 8.5 µg C and storing them at room temperature until headspace isotopic analysis (Lang et al. 2012). The d13C values
remained stable when the samples were analyzed up to 21 d
after oxidation (d13C = –33.1 ± 0.3‰, n = 8). Whereas similar
tests were not performed for radiocarbon analysis, the formate
standards discussed below were isolated and oxidized between
3–10 weeks before their radiocarbon content was determined,
and no significant differences due to sample storage were
observed.

Method accuracy for F14C of formate in seawater
A subset of the formate standards that had been analyzed
for 13C content was also analyzed for radiocarbon content. For
comparison, the powdered standards sodium formate (Sigma
Aldrich P/N 247596, Lot 02396PJ) was analyzed for radiocarbon content using conventional AMS methods and determined to have a F14C values < 0.0025 (ETH43864).
The measured F14C values for formate increase with decreasing
amount of sample carbon (Table 3, Fig. 5A). This is the expected
pattern when a measured sample includes both 14C-free sample
carbon and a contribution from extraneous carbon (Pearson et al.
1998; Shah and Pearson 2007; Santos et al. 2007; Mollenhauer
and Rethemeyer 2009; Ziolkowski and Druffel 2009). As described
above, this data can be used to calculate the amount of extraneous carbon that contributes to the total measurement. Measured
values can then be corrected for this contribution.
Ideally two standards, one with a modern F14C value and
one that is radiocarbon dead, would be processed through the
entire method such that both the amount and F14C of the
extraneous carbon can be determined. Attempts to find
sources of modern formate or acetate standards were unfortunately unsuccessful. Instead, we assume that the F14C of the
extraneous carbon from the full method is equal to that of the
oxidation step (F14CEX = 0.69 ± 0.19). Interestingly, this value
is similar to the F14C content of extraneous carbon determined
by multiple other methods of approximately 0.6 (Brown and
Southon 1997; Pearson et al. 1998; Santos et al. 2007; Shah
and Pearson 2007; Ruff et al. 2010). A common persistent contaminant may be inherent to these types of methods.
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!

23.2
17.1
12.3
13.6
8.1
4.3
1.6

(!g C)

a

(± 1")c
0.002
0.003
0.004
0.004
0.008
0.012
0.015

F14CT
(BATS
corr.)b
0.0457
0.0512
0.0903
0.0978
0.1467
0.2360
0.3521

Corrected for AMS instrument blank using calibrated gasses.

Error includes only counting statistics and corrections for AMS instrument

Includes propagated error from instrumental errors and contributions of extraneous carbon

c

d

1.5

1.5
1.3
1.6
1.9
1.7
1.5
0.8

(!g C)
-0.002
-0.015
0.001
0.019
0.013
-0.033
n/a

0.4
0.4
0.5
0.5
0.5
0.4
0.3

0.5

F14CS
0.007
0.010
0.015
0.014
0.028
0.084

(± 1")d

F14CS, corrected for an extraneous
blank contribution of F14CEX = 0.69
± 0.19 and CEX = 1.6 ± 0.2 µg C

(± 1")

Calculated contribution of
extraneous carbon if it has
a F14C = 0.69 ± 0.19

b

1" error of 0.5 µg C

a

Slope of F14C vs 1/[µg C] = 1.010 ± 0.090 = FEX•CEX - FS•CEX

1000 !M standard in saline MQ
750 !M standard in saline MQ
500 !M standard in saline MQ
100 !M standard in DSW
50 !M standard in DSW
25 !M standard in DSW
25 !M standard in DSW

Sample ID

Measured
Sample

Table 3. Radiocarbon analysis of formate standards.

1.0

1.1
0.9
1.1
1.3
1.2
1.0
0.6

(!g C)

0.4

0.1
0.2
0.2
0.3
0.3
0.4
0.2

(± 1")

Calculated contribution
of extraneous carbon if
it has a F14C = 1.0 ± 0.2

-0.002
-0.014
0.001
0.018
0.013
-0.027
-1.440

F14CS
0.007
0.011
0.016
0.014
0.028
0.075
1.700

(± 1")c

F14CS, corrected for an extraneous
blank contribution of F14CEX = 1.0 ±
0.2 and CEX = 1.1 ± 0.2 µg C
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Fig. 5. Radiocarbon analysis of formate standards. (A) F14C versus µg C

of formate. Solid line represents the idealized mixture between the formate standard and extraneous carbon with a F14C = 0.69 ± 0.19 and CEX
= 1.6 ± 0.2 µg C. Dashed lines represent 95% confidence intervals. (B)
F14C versus 1/[µg C] of formate. Solid line represents the least-squares linear regression. For both graphs, individual points have not been corrected
for processing blanks and y-axis error bars represent only the instrumental errors.

If the extraneous carbon (FEX) has a F14C = 0.69 ± 0.19, its
contribution to the total measurement can be calculated for
each standard to be between 0.8 to 1.9 µg C (average = 1.5 ±
0.4 µg C, n = 7; Table 3). The sample containing the smallest
amount of total carbon (1.6 µg) is highly sensitive to small
deviations to the blank contribution. Excluding this sample,
the average amount of extraneous carbon is 1.6 ± 0.2 µg C.
There were no significant differences between the standards
that had been spiked into saline MQ and those spiked into
deep seawater.
Alternatively to calculating the contribution to each standard, the values from all standards can be used to make a sim-
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higher in seawater than in saline MQ. When analyzing samples for the isotope composition of seawater, other researchers
acidify samples and allow them to equilibrate for at least 12 h
to remove DIC before analysis (Heuer et al. 2006). That
approach was not taken here for concerns that the formate
analysis would be affected, but if acetate is the only compound of interest then overnight acidification may eliminate
the higher contributions of extraneous carbon observed here.
Another possibility is that because the saline MQ standards
were neither passed over the SPE packs nor freeze-dried, the
acetate blank may have been introduced during those steps.
The high carbon content of the SPE effluent makes them particularly suspect. The alternative approach of eliminating apolar material from samples by extracting them with
dichloromethane (Dias and Freeman 1997) may result in
lower contributions of extraneous carbon and make this
method amenable to the radiocarbon analysis of acetate in
seawater samples.

ilar calculation. Eq. 7 above can be rearranged into a form
appropriate to make a Keeling Plot:
FT = (1/CT)•(FEX•CEX – FS•CEX) + FS

(7)

such that a plot of FT versus 1/CT will give a slope equal to
(FEX•CEX – FS•CEX) (1.010 ± 0.090 if the value of the smallest
sample is again excluded; Fig. 5B). By using the same values
for FS and FEX above, the amount of extraneous carbon can be
calculated to be 1.5 ± 0.5 (Table 3).
It may not be appropriate, however, to assume that the F14C
of the extraneous carbon resulting from the oxidation and
AMS analysis is equal to that of the full method. To test if the
final corrected F14CS values are sensitive to this assumption, we
made a similar set of calculations assuming instead that the
extraneous carbon had a F14CEX = 1.0 ± 0.2 (Table 3). Again
excluding the smallest sample, the calculated contribution of
extraneous carbon to the final measurement is 1.1 ± 0.2 µg C
if each is calculated individually, or 1.0 ± 0.4 µg C if the regression is used. Although this amount is distinctly lower than
that calculated above, the final corrected values (FS) are almost
identical to those calculated with a lower FEX. This exercise
demonstrates that within reason the assumed F14C value of the
extraneous carbon does not significantly impact the resulting
calculated sample 14C values.
Method accuracy for F14C of acetate in seawater
The F14C of the acetate standards was higher and more variable than those associated with the formate analysis (Table 4).
The F14C value of the powdered sodium acetate (Sigma Aldrich
P/N 71180, Lot 0001389616) was < 0.0025 (ETH43865). If the
extraneous carbon has a F14C of 0.69 ± 0.19, the acetate standards spiked into saline Mill-Q water had contributions of 1.9
± 0.64 µg C (n = 2) whereas those spiked into deep seawater
had contributions of 8.0 ± 0.64 µg C (n = 2). The larger
amounts of extraneous carbon present in the seawater-spiked
samples were also reflected in the d13C analysis, although d13C
analysis is less sensitive to its presence. One possibility is that
in the seawater-spiked standards there was incomplete separation between the acetate and bicarbonate peak, which is

Comments and recommendations
The isotope composition of organic acids in seawater samples can provide novel insights into their sources and formation
mechanisms, particularly when applied to environments where
the isotopic contents of individual sources are vastly different,
such as methane seeps and hydrothermal environments. The
method presented here has been optimized for the analysis of
the low concentrations of organic acids typically present in
environmental settings (25–1000 µM). At all stages, minimizing
the contribution of extraneous carbon is essential. One advantage of this method is the relative ease with which frequent
checks of the amount and d13C content of processing blanks
and external standards can be made. The method and set-up
can therefore largely be optimized before radiocarbon analysis.
A key development for the success of this method is the use
of a wet chemical oxidation to convert the isolated organic
compounds to CO2 for analysis. This approach eliminates the
need to derivitize semi-volatile organic compounds for isolation and radiocarbon analysis, which can often add as much
carbon to the total measurement as the compound of interest.

Table 4. Radiocarbon analysis of sodium acetate standard spiked into either saline Milli-Q water or deep seawater.

Sample ID
1000 µM acetate in saline MQ
750 µM acetate in saline MQ
100 µM acetate in DSW
50 µM acetate in DSW

Measured
sample

F14CT (µg C)*
(BATS corr.)†

(± 1s)‡

19.9
17.4
12.8
8.8

0.0518
0.0951
0.4094
0.6670

0.002
0.004
0.007
0.011

*

1s error of 0.5 µg C
Corrected for AMS instrument blank using calibrated gasses
‡
Error includes only counting statistics and corrections for AMS instrument.
§
Includes propagated error from instrumental errors and contributions of extraneous carbon
†
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Calculated contribution of
extraneous carbon if it has a
F14C = 0.69 ± 0.19
(µg C)
(± 1s)§
1.5
2.4
7.6
8.5

0.4
0.7
2.1
2.4
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For non-volatile organic molecules, it eliminates the multiple
time-consuming steps and the vacuum line required for quartz
tube high temperature combustion. While it is currently only
applicable to organic compounds that are water soluble (Lang
et al. 2012), this approach could be useful for the oxidation of
a wide range of organic compound classes that are currently
being investigated for their 14C content, such as amino acids,
sugars, lignin phenols, and benzene polycarboxylic acids.
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